Summary. Spermatozoa were recovered from the isthmus of the rabbit oviduct at 4 and 11 h post coitum using several defined flushing media. 
Introduction
There is evidence for sperm retention in the oviducal isthmus of the rabbit (Overstreet & Cooper, 1975 ; Overstreet, Cooper & Katz, 1978) as well as in other species (Overstreet, 1983) . In the rabbit, biophysical and biochemical properties of the isthmus may impede the upward migration of spermatozoa and facilitate sperm storage. Important physical characteristics of the isthmus include the narrow isthmic lumen (Nilsson & Reinius, 1969) , a viscous isthmic mucus (Jansen & Bajpai, 1982) , reduced local temperatures (David, Vilensky & Hilee, 1972) , the pro-uterine ciliary beat (Gaddum-Rosse & Blandau, 1973) and the oviducal muscular contractions which are directed primarily towards the uterus (Bourdage & Halbert, 1980) . In the rabbit, at least, there is an additional physiological interaction between the spermatozoa and the isthmic environment which involves the modulation of sperm motility. The relatively vigorous motility displayed by spermatozoa in the rabbit uterus is largely inhibited after residence for several hours in the lower isthmus Overstreet, Katz & Johnson, 1980; Johnson, Katz & Overstreet, 1981) . Active swimming, however, can be readily induced by dilution of the isthmic contents with ampullary fluid or artificial media (Overstreet et al., 1980) . Under some experimental conditions, the enhancement of isthmic sperm motility is associated with hyperactivated movement of the sperm flagellum (Johnson et al., 1981 ). The term 'hyperactivation' is now used to designate the type of sperm movement that was previously called 'activation' (Yanagimachi, 1981) .
Hyperactivation of spermatozoa has been associated in several species with the completion of capacitation and the acrosome reaction in vitro (Yanagimachi, 1981) . In the rabbit, this pattern of sperm movement is encountered primarily in the oviduct near the time of ovulation and may be instrumental in the final ascent of spermatozoa from the isthmic reservoir to the site of fertilization (Johnson et al., 1981; Suarez, Katz & Overstreet, 1983) .
Our previous experiments demonstrated that the composition of the flushing medium can significantly affect the motility of the isthmic sperm cells. Initially, rabbit isthmic spermatozoa were recovered in a serum Tyrode medium (Overstreet & Cooper, 1975) . The sluggish, subdued movements of these cells provided the first indication that sperm motility might be modulated in the oviducal environment. Similar initial sperm behaviour was recorded after the isthmic contents were flushed with rabbit ampullary fluid (Overstreet et al., 1980) . In these latter experiments, the subdued motility of the isthmic spermatozoa was spontaneously converted to vigorous swimming during a 4-h period of incubation in vitro. When the complex in-vitro fertilization medium of Brackett & Oliphant (1975) was used for sperm recovery from the isthmus, immediate vigorous motility was induced and many of the isthmic spermatozoa displayed hyperactivated movement (Overstreet et al., 1980 The abdomen was opened and haemostat clamps were applied to isolate the lower isthmus of one or both oviducts (Overstreet et al., 1980) . Immediately after flushing, the contents of the capillary pipette (10 µ : Clay Adams) were expelled into a Petri dish under gas-equilibrated paraffin oil (Squibb Brackett & Oliphant (1975) . Four isthmi from different females were flushed at 4-5 h p.c. with the complete medium containing 4 mM-potassium and 1 -3 mM-pyruvate (Medium 1, Table  1 ). Three isthmi from 3 females were flushed with the same medium but without pyruvate (Medium 2). Nine isthmi from 5 animals were flushed with a pyruvate-free, 50 mM-potassium medium (Medium 3), and three isthmi from 3 animals received the same high-potassium medium but containing pyruvate (Medium 4). The 50 µ flushing of each isthmus was collected in fire-polished capillary tubes (100 µ volume), using the normal flushing technique. The sperm suspension was then injected directly into the lumen of a 0-4 mm flat capillary tube (5 cm long, 4 mm wide and 0-4 mm deep).
Experiment 3. In these experiments, the behaviour of isthmic spermatozoa was examined after sequential exposure to media of altered potassium and pyruvate content. To minimize the number of factors contributing biochemically to the sperm behaviour, we chose to use the simple sucrosebased medium shown in (Burkman & Overstreet, 1984) . Its essential components include a flat, glass capillary tube (0-4 mm deep) attached at either end to a lucite filter assembly housing a Millipore disc (1-2 µ pore size). After loading the sperm suspension, a 0-3 ml perfusate was delivered through the chamber (maximum current velocity was 50 µ /sec) using a Harvard infusion pump fitted with a 1 ml syringe. This resulted in a 2-fold exchange of the fluid contents in the chamber while minimizing any physical trauma to the sperm cells.
In each replicate experiment, the movements of 10-20 spermatozoa in the isthmic flushings were recorded on videotape immediately after the chamber was loaded. The fluid content of the chamber was then replaced with a second medium, and the movements of 20-30 spermatozoa were similarly recorded. In 3 replicate experiments, the potassium content of the second medium was reduced to 5 mM (Medium 6) while in 3 other experiments, the 5 mM-potassium medium was supplemented with 10 mM-pyruvate (Medium 7).
Analysis of sperm movement characteristics from video recordings
The videotapes were analysed on a television monitor (Electrohome, 30-5 cm diagonal screen). The swimming speeds of individual spermatozoa were measured by applying a transparent overlay with concentric circles to the video screen. The tape was played forward for 0-5 or 1 sec and the approximate straight-line distance travelled by the head-midpiece junction was determined .
In our previous studies with high-speed cinemicrography, we used a flagellar beat frequency of 18 Hz to demarcate the more vigorous, faster beating sperm cells from the weaker ones (Johnson et al., 1981) . In the present study, the proportion of spermatozoa in this high-frequency group was determined with a Wavetek frequency generator. While (Johnson et ., 1981 Significantly different from values for spermatozoa in native isthmic fluid: *P < 002; **P < 001; ***P < 0001.
Flushing the isthmus with 0-25 M-sucrose resulted in sperm movements of greatly increased vigour (Table 2 ). The average percentage motility in these sperm suspensions was 79% (range 65-90%). The mean swimming speed increased to 32 µ /sec and 30% of the isthmic spermatozoa had beat frequencies > 18 Hz (Table 2) . Hyperactivated movement was exhibited by 47% of the spermatozoa but the incidence of transitional movement did not change. The beat frequencies of all large-amplitude movements were conspicuously higher after dilution with sucrose, and estimated to be 4-5 + 0-8 Hz (n = 45) with the Wavetek generator.
Experiment 2: effect ofpotassium and pyruvate on isthmic sperm motility When isthmic spermatozoa were recovered in the complex culture medium (Table 3 , Medium 1), the sperm movement characteristics were not significantly different from those observed after flushing with a simple sucrose-based medium (Table 2) . However, mean swimming speeds, flagellar beat frequencies and the incidence of hyperactivated movement were all significantly reduced when pyruvate was omitted from the recovery medium (Table 3 , Medium 2), although the incidence of transitional movement increased. When the potassium concentration was increased to 50 mM (Medium 3), the mean swimming speed and flagellar beat frequency showed no further reduction, but the incidence of hyperactivated and transitional movements was significantly lower (Table 3 , Medium 2 versus Medium 3). With the addition of pyruvate to the high-potassium medium (Medium 4), the incidence of transitional movements was improved but all other values remained depressed (Table 3) . (9) 6-8 + 1-4" (33)
6-2 ± 0-8" (71) 9-2 ± 1-1" (22) 27a (48) 0b (64) 0b (204) 2b (62) 51a (61) 18a (61) llb (64) 42b (64) 2C (215) 10ac (215) 2bc (63) 38b (63) * The basic compositions of the media are given in Table 1 (Table 4 ). There was a concomitant reduction in the percentage of spermatozoa exhibiting transitional movement and so the total value for all large-amplitude movements was unchanged. When the 5 mM-potassium washing medium was supplemented with 10 mM-pyruvate (Medium 7), there was again a stimulation of hyperactivated movement, but it was accompanied by an increase in the percentage of spermatozoa with transitional movement (Table 4) . Although the trends were the same, the response of lower isthmic (Overstreet et al., 1980 ; Johnson et al., 1981 ; present study) cannot duplicate events occurring in the oviduct during sperm transport to the site of fertilization. The stimulating effect of dilution was much less dramatic when the flushing medium contained high concentrations of potassium. When pyruvate was present in the medium, large-amplitude flagellar bending was stimulated, whereas these movements were virtually absent when glucose alone was present. Large-amplitude, high-curvature bending of the sperm flagellum returned as the potassium concentration was lowered during a washing procedure. Restoration of large-amplitude movement, however, was even more effective when pyruvate was present in the low-potassium washing medium.
In Exp. 1, we were able to quantitate the motility of the barely moving isthmic spermatozoa in their native fluid, thus verifying our earlier subjective impressions based on visual microscopic studies (Overstreet et al., 1980) and videomicrographic tape recordings (Johnson et ai, 1981) . The extent of this motility reduction is striking when contrasted with the vigorous movements of uterine spermatozoa in the native fluid (mean swimming speed at 4 hp.c. = 19-6 + 3-0 µ /sec, = 31, and a mean flagellar beat frequency more than double the value seen in the native isthmic suspension ; Burkman, 1983) .
The initial design of these experiments was based on the hypothesis that specific components in the recovery media were responsible for the 'stimulation' of isthmic sperm motility which follows dilution of the isthmic contents. However, a simple sucrose medium, without additional ions or substrates, was a highly effective stimulator of isthmic sperm movement; the movement characteristics for isthmic spermatozoa in simple sucrose medium were statistically indistinguish¬ able from the values seen for spermatozoa recovered in the complete culture medium (Medium 1).
Of the spermatozoa recovered in sucrose, 61% displayed large-amplitude movements in comparison with 38% in the native fluid. Therefore, dilution appeared to stimulate large-amplitude flagellar bending in spermatozoa which previously had poor motility.
Spermatozoa cannot metabolize sucrose. Therefore, these observations suggest that the depression of isthmic sperm motility may be accomplished by the presence of one or more motility inhibitors in the isthmic environment. A similar suppression of sperm movement may take place in the epididymal lumen of the rat and rabbit (Storey, 1975; Turner, D'Addario & Howards, 1978) . Elevated viscoelasticity of the epididymal plasma may play a role in the suppression of sperm motility in the rat epididymis (Usselman & Cone, 1981) . The lower isthmus of the rabbit oviduct is reported to contain a viscous luminal mucus (Jansen, 1978) . However, if the suppression of sperm motility in the rabbit isthmus were purely biophysical, one would expect immediate stimulation of sperm motility after dilution. Since diluted isthmic spermatozoa require several minutes for the evolution of vigorous movement (Johnson et al., 1981) , biochemical mechanisms must also be involved.
There is ample reason to suspect that the potassium ion (K + ) could be involved in the inhibition of isthmic sperm motility. There appears to be an association between high K+ levels in the epididymal plasma and inhibited epididymal sperm movement. Potassium concentrations much higher than those in blood plasma have been reported in the caput and/or cauda fluids of the hamster (39-3 mM; Jessee & Howards, 1976) , the elephant (64-8 mM; Jones, 1980) , the bull (43-7 mM; Wales, Wallace & White, 1966) , the rat (54 mM; Pholpramool & Chaturapanich, 1979) and the rabbit (24-8 mM in the cauda; Jones & Glover, 1973) . Boender (1976) showed that boar sperm motility was depressed in media with 45-135 mM-K + and that the motility was restored by washing the same spermatozoa in a medium containing 5 mM-K +. Similarly, quiescence was induced in seaurchin spermatozoa by increasing the K+ levels in the surrounding medium (Gibbons, 1980) . Fraser (1983) has reported that hyperactivated motility of mouse spermatozoa is reduced after incubation in iso-osmolal high potassium media (27-7 mM-K + (Roblero, Biggers & Lechene, 1976 ; Borland, Hazra, Biggers & Lechene, 1977 ;  Borland, Biggers, Lechene & Taymor, 1980) . We have carried out preliminary studies by neutron probe analysis of + concentrations in cell-free fluid obtained from the rabbit oviduct and uterus by flushing with mineral oil (Burkman, 1983) . These results indicate that + levels are 30-0 ± 3 mM in the lower isthmus at 11 hp.c, 29-6 mM in the ampullary fluid at 4 hp.c, and 6-8 ± 0-7 mM in the uterine fluid (4 and 11 h p.c.). We do not know how much the + levels may vary within oviducal compartments between the time of mating and ovulation.
In the present experiments, a minimal medium containing 50 mM-K + effectively depressed the beat frequencies and large-amplitude movement of lower isthmic spermatozoa. When the same population of spermatozoa was sequentially exposed to 50 mM and then 5 mM-K +, the incidence of hyperactivated movement increased as the + concentration was lowered. Under these conditions, the distribution of spermatozoa with large-amplitude bending appeared to change between the hyperactivated and transitional categories; before and after the washing procedure, the total incidence of large-amplitude movements was 44-45%. It appears, therefore, that many spermatozoa with the transitional movement pattern began to exhibit hyperactivated movement as the external potassium concentration declined.
The total percentage of large-amplitude movements (hyperactivated and transitional) increased significantly when the second, low-potassium medium contained pyruvate. When pyruvate was removed from the culture medium (Exp. 2, Medium 2), the reduced sperm motility was similar to that seen in serum Tyrode and in fresh ampullary fluid (Overstreet et al., 1980) . These data support our premise that alterations in the concentrations of both K+ and pyruvate may have a role in regulating the motility of lower isthmic spermatozoa in the rabbit, K + being inhibitory and pyruvate acting as a stimulant. These data are also consistent with the incidence of transitional large-amplitude beats observed in Exp. 2, for which pyruvate also appeared to be required (Table 3 , Media 3 and 4).
It is likely that the suppressive action of the lower isthmus requires several hours to develop fully in vivo. Lower isthmic spermatozoa from the rabbit are still vigorous when recovered at 1-5 hp.c, but show subdued motility at 4 and 6 h p.c. . Once fully established, however, the suppressive effect of the isthmic environment must act quickly to alter sperm motility: the isthmic reservoir continues to fill between 4 and 6 hp.c, but the sperm populations recovered at these times are relatively homogeneous and have uniformly subdued motility . Spermatozoa recovered from the rabbit uterus at 4 h p.c. were not significantly affected by dilution or washing with a culture medium containing 50 mM-K + , even though exposure continued for 1 h (Burkman, 1983) . Therefore, the physiological state of rabbit isthmic spermatozoa must enhance their sensitivity to K+ or, alternatively, the presence of the potassium ion may act to augment or sustain a depression of flagellar activity induced by some other mechanism.
Our present experiments suggest that pyruvate may be a necessary substrate for rapid generation of hyperactivated movement of rabbit spermatozoa following isthmic quiescence. In the rabbit, the energetics of glucose metabolism appear to be insufficient to support such immediate hyperactivation. There is evidence that the metabolism of epididymal rabbit spermatozoa is more effectively stimulated by exogenous pyruvate in comparison with the relatively low levels of endogenous pyruvate which are derived from glucose (Storey, 1975) . In this regard, the addition of pyruvate to the culture medium in Exp. 2 (Table 3 , Medium 2) converted spermatozoa with intermittent large-amplitude beats into cells exhibiting continuous ones, i.e. expending more energy. Spermatozoa from the rabbit isthmus are not immediately vigorous when recovered in ampullary fluid (Overstreet et al., 1980) , perhaps as a consequence of a relatively slow or delayed conversion of glucose or lactate to pyruvate. In contrast, when isthmic spermatozoa were recovered in media containing 1 -3 mM-pyruvate, they displayed immediate vigour and hyperactivated move¬ ment (Overstreet et al., 1980; Johnson et al., 1981 ; present 
